A simple Standard Model Extension based on T 7 flavor symmetry which accommodates lepton mass and mixing with non-zero θ 13 and CP violation phase is proposed.
INTRODUCTION
The discovery of neutrino mass is a great breakthrough for particle physics, and up to now, this is the unique evidence of New Physics. Neutrinos have tiny masses and this is probably related to the existence of a new mass scale in physics. Recently it has been shown that neutrinos can also play an important role in providing answer for the Baryon Asymmetry of Universe (BAU).
Theoretically, there exist various models describing the smallness of neutrino mass and large θ 13 mixing 1 . Among the possible extensions of the Standard Modem (SM), probably the simplest one is the neutrino minimal SM which has been studied in Refs. [2] [3] [4] [5] [6] . However, these extensions do not provide a natural explanation for large mass splitting between neutrinos and the lepton mixing was not explicitly explained [7] .
There are five well-known patterns of lepton mixing [8] , however, the Tri-bimaximal one proposed by Harrison-Perkins-Scott (HPS) [9] [10] [11] [12] 
seems to be the most popular and can be considered as a leading order approximation for the recent neutrino experimental data. Up to now, the absolute values of the entries of the lepton mixing matrix U P M N S have not yet been determined exactly, however, their scales are given in Ref. [13] |U 
The range of experimental values of neutrino mass squared differences and leptonic mixing angles are given in Ref. [14] [125] [126] [127] [128] [129] . However, in all above mentioned papers, the fermion masses and mixings generated from non-renormalizable interactions or at loop levels but not at tree-level. The models involving only renormalizable interactions were implemented in our previous works [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] in which the discrete symmetries have been added to the 3-3-1 models. As we know the 3-3-1 model itself is an extension of the SM where the gauge group SU(2) L is extended to SU(3) L . In order to overcome such limitations, we studied a neutrino mass model by adding the discrete symmetry S 4 to the SM which accommodates the realistic lepton mass, mixing with non-zero θ 13 and CP violation phase at the tree-level with renormalizable interactions only [1] .
In this paper, we construct a simple extension of the SM based on T 7 symmetry that leads to lepton mass, mixing with non-zero θ 13 and CP violation phase 2 . For this purpose, two SU(2) L doublets and two SU(2) L singlets are introduced. The result follows without perturbation and the number of scalars required to generate lepton masses are fewer than those in Ref. [1] .
The future content of this paper reads as follows. In Sec. II we present the fundamental elements of the model and introduce necessary Higgs fields responsible for the lepton masses.
We summarize the results in the section III. Finally, the appendices A and B provide in detail solutions for neutrino masses in the normal and the inverted hierarchies, respectively. 2 We note that T 7 symmetry has not been previously considered in this kind of the model with the mentioned scenario. Furthermore, this model is different from our previous works [136, 138] because the 3-3-1 model
itself is an extension of the SM.
II. LEPTON MASS AND MIXING
The lepton content of the model, under SU(2)
given in Tab. I. The charged lepton masses arise from the couplings ofψ L l 1R ,ψ L l 2R and 
In this work we impose only the breaking T 7 → Z 3 in charged lepton sector, and this happens with the first alignment, i.e, φ = ( φ 1 , φ 1 , φ 1 ) under T 7 , where
With the vacuum expectation value (VEV) of φ 1 in Eq. (5), the mass Lagrangian for the charged leptons can be written in matrix form as
where
The mass matrix M l in Eq. (7) is diagonalized :
and
The Yukawa couplings h 1,2,3 in charged lepton sector are defined:
The experimental values for masses of the charged leptons are given in [14] :
It follows that h 1 ≪ h 2 ≪ h 3 . Furthermore, if we choose 3 the VEV v ∼ 100 GeV then
i.e, in the model under consideration, the hierarchy between the masses for charged-leptons can be achieved if there exists a hierarchy between Yukawa couplings h i (i = 1, 2, 3) in charged-lepton sector as given in Eq. (13) . We note that the masses of charged leptons are self-separated by only one Higgs triplet φ (the same as in the SM), and this is a good feature of the T 7 group. We remind that the models with the other discrete symmetry groups need more than one Higgs scalar in the charged lepton sector.
The neutrino masses arise from the couplings ofψ It follows v ≃ 100 GeV.
SU(2) L and 3 ⊕ 3 * ⊕ 3 * under T 7 . Note that 3 ⊗ 3 ⊗ 3 has two invariants and 3 ⊗ 3 ⊗ 3 * has one invariant under T 7 . In order to generate mass for neutrinos, we additionally introduce one SU(2) L doublet (ϕ) and two SU(2) L singlets (χ, ζ), respectively, put in 1, 3 and 3 * under T 7 as given in Tab. I. We note that the U(1) X symmetry forbids the Yukawa terms of the form (ψ Lφ ) 3 s ν R and yield the expected results in neutrino sector, and this is interesting feature of X-symmetry. It is also interesting to note that ϕ contributes to the Dirac mass matrix, χ and ζ contribute to the Majorana mass matrix of the right-handed neutrinos. In fact, there exist no one-dimensional representation in 3 ⊗ 3 under T 7 . Hence, ζ put in 3 * will be responsible for a realistic neutrino spectrum without any perturbation and soft breaking in both lepton and neutrino sectors. This feature is different from the one in Ref. [130] .
It needs to note that ϕ contributes to the Dirac mass matrix in the neutrino sector, χ and ζ contribute to the Majorana mass matrix of the right-handed neutrinos. The interesting feature of X-symmetry is to prevents the unwanted interaction of the form (ψ Lφ ) 3 s ν R and provides the expected results in the neutrino sector.
In this work we impose that the breaking T 7 → {identity} must be taken place, i.e, T 7 is completely broken in neutrino sector. This can be achieved within each case below.
(1) A new SU(2) L singlet χ lies in 3 under T 7 with the VEV is given by χ = (0, χ 2 , 0)
T under T 7 , where
(2) Another singlet ζ lies in 3 * under T 7 with the VEV is given by ζ = ( ζ 1 , ζ 2 , ζ 3 ) T under T 7 , i.e. ζ 1 = ζ 2 = ζ 3 = 0, where
The neutrino Yukawa interactions are given by
The neutrino mass Lagrangian are given as
We can rewrite in the matrix form
where the Dirac neutrino mass matrix (M D ) and the right-handed Majorana neutrino mass matrix (M R ) are given by
The seesaw mechanism generates small masses for neutrinos is given by
The matrix M ef f in Eq. (21) has three exact eigenvalues given by
and the corresponding eigenstates are
and A 1,2 , B are given in Eq. (22) .
The lepton mixing matrix is then expressed as
where K is defined in Eq. (25) . Comparing the lepton mixing matrix in Eq. (26) and the standard parametrization 4 in Ref. [14] yields:
In the case K being real numbers, Eqs. (27) and (29) imply θ 23 = 45 o and δ = 0. As we know, the recent experimental data imply δ = 0. To overcome this, we will consider K as a complex variable. Substituting ω = − 1 2
into Eqs. (27) , (28) and (29) we obtain:
and k 1 and k 2 being the real and imaginary parts of K, respectively.
On the other hand, from Eq.(27), we get:
, (36) which is satisfying the relation sin 2 δ + cos 2 δ = 1 with all k 1 , k 2 .
The neutrino mass spectrum can be the normal hierarchy (|m 1 | ≃ |m 2 | < |m 3 |), the For example, the total mass of three degenerate neutrinos was given by Planck satellite mission [144] , m ν < 0.72 eV (95% CL) by using Planck TT+lowP data, and m ν < 0.49 eV (95% CL) by using Planck TT,TE,EE+lowP data. While the improved constraints are given by adding the baryon acoustic oscillation (BAO) measurements [145] , i.e., m ν < 0.21 eV (95% CL) and m ν < 0.17 eV (95% CL), respectively. Another upper limit was given in Ref. [146] , m ν < 0.113 eV (95% CL).
As will see, in the model under consideration, the two possible signs of ∆m 5 There exist four mathematical solutions, however, these solutions differ only by the sign of m 1,2,3 which has no effect on the neutrino oscillation experiments.
Next, from Eqs. (37) and (32) with the experimental values of θ 23 in Eq.(3), we get two solutions 6 :
and the lepton mixing matrix in (26) 
which is consistent with constraint in Eq.(2). Now, substituting k 1,2 from (38) in to Combining (25) and the values of K in (38), we obtain
A. Normal spectrum (∆m 2 23 > 0)
Substituting A 1 from (40) into (23) and combining with the two experimental constraints on squared mass differences of neutrinos for the normal spectrum as shown in (3 shows that there exist allowed regions of the parameter A 3 where either normal or quasidegenerate neutrino masses spectrum is achieved. The quasi-degenerate mass hierarchy 8 is obtained when A 3 ∈ [0.03 eV, +∞) or A 3 ∈ (−∞, −0.03 eV] (|A 3 | increases but must be 6 Here we only consider one case because another value has no effect on the neutrino oscillation experiments. 7 θ 12 ≃ 35.7
• obtained from the model is an acceptable prediction. It is easily to obtain the effective mass m ee governing neutrinoless double beta decay [147] [148] [149] [150] [151] [152] 
1/2 by combining the expressions Now, comparing Eqs. (22) and derived values in Tab. II we get the relations:
or
i.e., In the inverted spectrum, the effective mass m 
III. CONCLUSIONS
We have proposed a simple Standard Model extension based on T 7 flavor symmetry which accommodates lepton mass, mixing with non-zero θ 13 and CP violation phase. The spontaneous symmetry breaking in the model is imposed to obtain the realistic lepton mass and mixing pattern at the tree-level with renormalizable interactions. In difference from other discrete groups, the T 7 flavor group requires only one VEV ( φ 1 = v) which, the same as in the SM, is enough for production of the charged lepton masses. The neutrinos get small masses from one SU(2) L doublet and two SU(2) L singlets in which one being in 1 and the two others in 3 and 3 * under T 7 , respectively. The model also gives a remarkable prediction of Dirac CP violation δ CP = 172.598
• in both normal and inverted spectrum which is still missing in the neutrino mixing matrix.
